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Study region: The Galilee and Eromanga basins are located in central Queens-
land, Australia. Both basins are components of the Great Artesian Basin which
host some of the most signiﬁcant groundwater resources in Australia.
Study focus: This study evaluates the inﬂuence of regional faults on ground-
water ﬂow in an aquifer/aquitard interbedded succession that form one of
the largest Artesian Basins in the world. In order to assess the signiﬁcance of
regional faults as potential barriers or conduits to groundwater ﬂow, verti-
cal displacements of the major aquifers and aquitards were studied at each
major fault and the general hydraulic relationship of units that are juxtaposed
by the faults were considered. A three-dimensional (3D) geological model
of the Galilee and Eromanga basins was developed based on integration of
well log data, seismic surfaces, surface geology and elevation data. Geological
structures were mapped in detail and major faults were characterised.
New hydrological insights for the region: Major faults that have been
described in previous studies have been conﬁrmed within the 3D geological
model domain and a preliminary assessment of their hydraulic signiﬁcance
has been conducted. Previously unknown faults such as the Thomson River
Fault (herein named) have also been identiﬁed in this study.
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1. Introduction
Domestic consumption of natural gas in Australia has grown constantly since the mid  1960s and
this trend is expected to continue in the future (Roarty, 2008). In recent years, with the discovery
of important reserves of conventional and unconventional gas, production has increased rapidly and
Australia is becoming a gas exporter for the Asian market.
Conventional gas was previously the main form of liqueﬁed natural gas (LNG) but over the last sev-
eral decades this has changed with the development of new technologies making extraction of newly
discovered unconventional gas resources feasible and economic. The main types of unconventional
gas sources are coal seam gas (CSG, also known as coal bed methane), shale gas and tight gas.
In Australia, CSG is the most exploited unconventional gas resource. During the last 15 years, the
growth of exploration activity has been substantial, with the number of CSG wells drilled annually
in Queensland increasing from 10 in the early 1990s to more than 600 in 2009–2010 (Queensland
Government, 2011). Estimated CSG reserves in Australia now exceed conventional gas reserves (Day,
2009; RLMS, 2009; Geoscience Australia and BREE, 2014).
One of the areas with high CSG potential in Australia is the Galilee Basin, located in central Queens-
land (Fig. 1). The Galilee Basin is overlain by, and in contact with, the Eromanga Basin, a component of
the Great Artesian Basin (GAB) which covers approximately 22% of the Australian continent and is a
signiﬁcant groundwater resource (Ransley and Smerdon, 2012). The Galilee Basin contains relatively
thick Permian age coal beds which have not been exploited in the past for gas resources due to their
signiﬁcant depth and the distance to the principal markets (Holland et al., 2008).
In order to enable CSG production, high volumes of groundwater need to be extracted to reduce
the hydrostatic pressure that keeps the gas adsorbed on the coal. There are two  fundamental concerns
in regard to this procedure: (a) how will the brackish/saline water typically contained in coal-bearing
formations (e.g. Van Voast, 2003) be disposed of or reused at the surface and (b) will extraction of
groundwater from the coal measures impact on water quality or groundwater pressures in adjacent
artesian aquifers of the Great Artesian Basin.
Prior to the production and development of CSG resources, it is essential to determine the hydrogeo-
logical characteristics of a basin and its setting, and in particular the potential impacts that extraction
of groundwater and any depressurisation may  have on vertical connectivity between aquifers and
aquitards (Harrison et al., 2000; Rice et al., 2002; Taulis and Milke, 2007).
An important part of this assessment is the identiﬁcation of faults, their inﬂuence on the geometry
of aquifers/aquitards and their role as potential connectivity pathways. Fault zones can behave as
possible conduits to regional groundwater ﬂow, or as barriers or both (e.g. Caine et al., 1996; Rawling
et al., 2001; Bense and Person, 2006). Examples of faults acting as barriers have been reported from
offshore hydrocarbon reservoirs (e.g. Bredehoeft et al., 1992; Knott et al., 1996) but also from onshore
sedimentary basins (e.g. Bense and Van Balen, 2004). There are many reported examples of faults acting
as conduits, which amongst other things can be marked by mineralisation patterns (e.g. Mozley and
Goodwin, 1995; Garven et al., 1999), leakage of contaminated groundwater (e.g. Mal’kovskii and Pek,
2001) or oil migration (e.g. Moretti, 1998). In addition, examples of faults acting as both conduits and
barriers are documented (e.g. Bense and Person, 2006). Where aquifers thin or abut against basement
highs, this can also induce upwelling of groundwater and result in the formation of wetlands or springs
at the surface (Raiber et al., 2009).
The permeability of rocks can remain unchanged, or be enhanced adjacent to faults within an
aquifer, and may  decrease perpendicular to faults (Ferrill et al., 2004). Flow barriers can, for example,
result where units of contrasting hydraulic properties (e.g. aquifers vs. aquitards) are juxtaposed along
faults. Where the impact of CSG exploitation on regional groundwater ﬂow dynamics is investigated,
it is very important to assess whether aquitards form good regional seals, or whether these seals
are compromised by local fracturing or along regional fault systems. Therefore, it is important to
understand how faults inﬂuence the geometry of aquifer/aquitards and coal seam sequences.
In the Galilee/Eromanga basins, regional faults have been previously identiﬁed from seismic data,
with vertical displacements recorded for sedimentary sequences in both basins. However, while dis-
placement along some faults has been studied in the past (e.g. Cork Fault, Fig. 2; Hawkins and Harrison,
1978; Ransley and Smerdon, 2012), the overall regional understanding of the inﬂuence of faults on
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Fig. 1. Location of the study area and 3D geological model domain in central Queensland. Datum GDA 1994 MGA Zone 54.
aquifer geometry in these basins is at present limited. Further, it is poorly understood whether the
faults in the Galilee/Eromanga basins behave as conduits or as barriers for groundwater ﬂow and how
permeability may  change across the faults.
In this current study, we aim to develop a 3D geological model to examine characteristics of faulting
on aquifers and aquitards in the north-central Galilee and Eromanga basins using well log data, seismic
surfaces, surface geology and surface elevation data. For this purpose, the main geological structures in
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Fig. 2. Surface geology map  (Geological Survey of Queensland, 2012) and exploration wells which form the basis for the 3D
geological model, as well as the main mapped faults and main cross sections. Abbreviations: WS,  Weatherby Structure; CF, Cork
Fault;  DF, Dariven Fault; MM,  Maranthona Monocline; HRS, Hulton-Rand Structure; TS, Tara Structure; SF, Stormhill Fault; WLS,
Westland Structure; CWF, Canaway Fault. 1, Saltern Creek 1 borehole. Datum GDA 1994 MGA  Zone 54.
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the area are mapped in detail from seismic surfaces, and an assessment is made on how they inﬂuence
the geometric relationships of the major aquifers and aquitards, and how they are spatially related
to surface hydrological features. The development of this 3D geological model is the ﬁrst step of a
comprehensive study that aims to understand any potential aquifer/aquitard connectivity pathways
between the Galilee and Eromanga basins.
2. Geological and hydrogeological background
2.1. Depositional history
The Galilee Basin is a Late Carboniferous to Middle Triassic sedimentary basin, located in central
Queensland. It extends over approximately 247,000 km2 and consists of two main lobes which are
separated in the southwest by the Maneroo Platform (Fig. 1). In the central Galilee Basin (Fig. 1),
the basin overlies the Devonian Adavale Basin, the Late Devonian-Early Carboniferous Drummond
Basin and Early Palaeozoic basement (Van Heeswijck, 2010). The Galilee Basin itself is overlain by the
Jurassic-Cretaceous Eromanga Basin (Gray et al., 2002), a component of the GAB. The Galilee Basin
can be sub-divided into northern and southern regions based on differences in the lithostratigraphic
succession. The boundary between these two distinct regions is the Maneroo Platform, an area where
the basement rocks have been uplifted (Fig. 1; Hawkins and Green, 1993; Van Heeswijck, 2006). The
main difference between both regions is that the Aramac Coal Measures and Betts Creek Beds (Fig. 3)
are absent in the southern part, where Permian correlatives are found but where coal seams are absent
(Scott et al., 1995).
2.2. Tectonic history
2.2.1. Regional tectonism
The structural and tectonic evolution of the Galilee and Eromanga basins has been studied by
numerous authors (Evans and Roberts, 1979; Senior and Habermehl, 1980; Finlayson and Leven, 1987;
Hoffman and Williams, 1987; Finlayson et al., 1988; Shaw, 1991; Van Heeswijck, 2004, 2010), although
most studies focused on locations outside the current area of interest. Five evolutionary stages were
identiﬁed from the late Devonian to Triassic in central-eastern Australia in relation to tectonic activity,
particularly during the Late Permian when sub-vertical reverse faults were active. During the Late
Triassic, the tectonic regime changed, initiating the development of the GAB formations (Evans and
Roberts, 1979). Several faults have been identiﬁed and mapped in the central part of the Eromanga
Basin (south of the Maneroo Platform) above an Upper Devonian unconformity identiﬁed by seismic
data; with the Canaway Fault (Fig. 2) representing the major structural feature (Finlayson and Leven,
1987; Finlayson et al., 1988). Extension, contraction, thrusting and folding occurred in eastern Australia
during the Early Permian to the mid-Cretaceous and extended from the Anakie Block in the north to
the Sydney Basin in the south. These movements were a result of the development of two  periods of
foreland basin systems development from the Early Permian to mid-Cretaceous in eastern Australia
(Elliott, 1993).
2.2.2. Regional structures in the Galilee and Eromanga basins
Some regional structures have been deﬁned in the study area (Fig. 2). The Cork Fault and Weatherby
Structure, which trend north-northeast, are located in the western section of the area in the Lovelle
Depression and represent re-activated basement faults (Murray and Kirkegaard, 1978). Movement on
the Cork Fault has caused vertical displacement in the Permian, Triassic and Jurassic formations of
up to 420 m (Ransley and Smerdon, 2012). Other important structures (mostly re-activated basement
reverse faults) can be recognised in the eastern part of the area. These include the Hulton-Rand Struc-
ture and Tara Structure, which trend northwest and northeast, respectively (Fig. 2). Vertical movement
on these structures occurred during the Palaeozoic and Mesozoic, syn-depositional with the sedimen-
tation of the Galilee and Eromanga basins (Vine et al., 1965). At the Maneroo Platform, two  major faults
were recognised (Westland Structure and Stormhill Fault). Both structures trend northerly and vertical
displacements of up to 300 m have been registered according to Vine et al. (1965) but displacement
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Fig. 3. On the left, hydrostratigraphy of the Galilee and Eromanga basins in the study area. Note: the marker (*) highlights key
units  within the study. On the right, gamma  ray log of the Saltern Creek 1 borehole including old stratigraphic names used in the
Well Completion Report (Mott and Associates, 1964) and how they correlate with the actual stratigraphy. Winton Formation,
Triassic units and Lake Galilee Sandstone absent in the well.
was later amended to 640 m by Ransley and Smerdon (2012). The differences in the displacement
registered in these structures are discussed in Section 4.1.2. The Dariven Fault and Maranthona Mon-
ocline (Van Heeswijck, 2010) are also recognised in the area to the east of the Hulton-Rand Structure,
but there is little information about relative movement. During the deposition of the Eromanga Basin,
this area was tectonically inactive and the faulting, folding and uplift of the basin units is considered to
be post-depositional. Uplift was recorded in the eastern part of basin, including uplift of the Koburra
Trough, with associated erosion leaving the Galilee Basin exposed in this area (Shaw, 1991). In the
current study, the faults classiﬁed as regional structures cross the entire stratigraphic sequence from
the basement to the surface. In addition, there is also another type of fault, classiﬁed as local faults
that cross only part of the stratigraphic sequence and are not visible at the surface.
2.3. Hydrogeology
The GAB is one of the major hydrogeological features of Australia, and is comprised of the sed-
imentary Clarence-Moreton, Eromanga, Surat and Carpentaria basins, and parts of the Bowen and
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Galilee basins. The conﬁned aquifers of the GAB are bounded by the Rewan Formation at the base,
and the Winton Formation at the top (Fig. 3), but the complete rock sequence is not present across
the entire GAB (Habermehl, 1980, 2001). GAB aquifers in the study area include: the Clematis Group,
Hutton, Adori and Hooray sandstones, Cadna-owie Formation (and their equivalents), the Mackunda
and Winton formations (Fig. 3).
The major conﬁning beds in the study area are the Rewan Group, Moolayember, Birkhead, West-
bourne, Wallumbilla and Toolebuc formations and their equivalents, as well as the Allaru Mudstone
and parts of the Mackunda and Winton formations (Habermehl, 1980; Reyenga et al., 1998; Habermehl,
2001; Fig. 3).
The conﬁned aquifers can be divided into two groups based on their potentiometric surfaces:
(1) Lower Cretaceous-Jurassic sequence, also known as the artesian group; and
(2) Upper part of the Cretaceous sequence (Winton and Mackunda formations), also known as the
sub-artesian group (Habermehl, 1983; Ransley and Smerdon, 2012).
Groundwater ﬂow directions throughout the GAB are variable, with major ﬂow towards the south
and southwest, but in the northern GAB locally towards the west and north (Habermehl, 1983). In the
area of the 3D geological model domain of this study, groundwater ﬂow is largely towards the west
based on the potentiometric map  of the Hooray Sandstone and Cadna-owie Formation (Radke et al.,
2000).
3. Methodology
This current study develops a 3D geological/hydrogeological model using GoCAD software
(Paradigm Geophysical Pty Ltd., version 2009.3), and incorporating lithological and stratigraphic data
from exploration wells, seismic surfaces, digital elevation models (DEM) and surface geology. The
model domain covers an area of 215 km × 285 km (Fig. 1) in the central part of the Galilee Basin. The
selection of the boundaries of the model domain is guided by data availability, i.e. areas where seismic
surfaces are available (they do not extend beyond the northern limit of the chosen model domain).
In addition, the model domain is restricted to the central-northern part of the Galilee Basin as the
southern part of the basin is not expected to hold exploitable or economic amounts of CSG due to
the indicated absence of coal seams in the Aramac Coal Measures and Betts Creek Beds correlatives.
Following are details of the parameters incorporated into the model. All the data sources used during
the model development are listed in Table 1.
Table 1
Input data used during the 3D geological model development.
Data Source Notes
Elevation Geoscience Australia GEODATA 9 Second DEM version 3
Geology Geological Survey of
Queensland
Geological Map  of Queensland
(2012), scale 1:2,000,000
Seismic
surfaces
Exoma Energy Ltd. Aramac Coal Measures
Betts Creek Beds
Geological Survey of
Queensland
Basement
Cadna-owie Formation
Toolebuc Formation
Well logs Queensland Digital Exploration
Reports System
124 Exploration wells
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3.1. Model development workﬂow
3.1.1. Data validation
This process is a key step in any geological model because the conﬁdence of the ﬁnal model relies on
it. Well log data were veriﬁed in order to standardise stratigraphic unit names. This process involved
the revision of the wire-line data and lithology of every well in order to identify appropriate strati-
graphic units. The stratigraphy and wire-line log characteristics of the Palaeozoic formations within
the Galilee Basin used during the revisions were deﬁned by Gray and Swarbrick (1975), and for the
Triassic formations by Green et al. (1997). In the Eromanga Basin, wire-line log characteristics were
deﬁned by Gray et al. (2002). The stratigraphic unit names used here correspond with those cur-
rently formally recognised by Geoscience Australia (Geoscience Australia and Australian Stratigraphy
Commission, 2014). Many old groundwater bores were logged before the current stratigraphic classi-
ﬁcation of units for both basins existed. An extensive data quality check was carried out on lithological
and stratigraphic logs for these drillholes prior to the commencement of the modelling process. An
example of this is the exploration well Saltern Creek 1 (Fig. 2), where 14 of 16 logged units were
modiﬁed during the present study (Fig. 3). Logs in this well had been deﬁned by Mott and Associates
(1964), according to old stratigraphic names or names belonging to neighbour basins (Cooper, Bowen
and Surat basins). Groundwater bores from the DNRM database were not incorporated in this study
because of the lack of reliable stratigraphic information. For example, although more than 1600 bores
are registered in the DNRM groundwater database (DNRM, 2012) within the 3D geological model
domain, less than the 10% of these have available stratigraphic information. In addition, the data qual-
ity of these remaining 10% is often poor, or the stratigraphic data of these bores are already contained
in the QDEX database, as many of the groundwater bores are old exploration wells registered in QDEX
that were later converted to groundwater bores.
The accuracy of the ﬁve seismic surfaces was evaluated by comparison with the formation tops in
well logs. In most cases, the surfaces matched with the top of the corresponding stratigraphic unit
recorded by the well completion reports, and there are only several small areas where the reliability
of the surfaces is questionable (Section 4.4).
3.1.2. Assignment of stratigraphic codes
In a deep sedimentary basin, the number of stratigraphic units can be substantial. The database for
this study was arranged with regards to stratigraphic names rather than lithological descriptions. This
was done both because of the model extent and for hydrogeological purposes, as this model forms
part of the large GAB system. In this current 3D geological model, there are 19 stratigraphic units, of
which eight are part of the Galilee Basin, and 10 belong to the Eromanga Basin. Due to the complex
nature of the basement that cannot be adequately resolved based on the available data, the basement
has been combined as an undifferentiated basement layer.
3.1.3. Deﬁnition of boundary surface control points
Due to the low density of well logs within the model domain (124 wells in an area of 61,275 km2),
it is not possible to build a 3D geological model exclusively based on well logs. To overcome this lim-
itation, control points or “dummy  points” (Pawlowsky et al., 1993) were added for each stratigraphic
unit as required. In order to base the creation of control points on a realistic geological understanding,
23 cross sections (planes) were constructed. These cross sections were designed in an orthogonal net-
work and perpendicular to the major geological structures known in the area, similar to the procedure
described by Royse (2010). In each cross section, a new curve was  digitised for each stratigraphic unit,
using the loaded input data as constraints and incorporating geological knowledge. Following this, the
curves for each stratigraphic unit were grouped together for the development of bounding surfaces
(i.e. formation tops).
In each cross section, well logs and seismic surfaces were loaded and a digitalisation process was
carried out, which assessed the distribution of each stratigraphic unit from the base (Basement) to the
top (Mackunda-Winton formations), as well as the distribution of the main structures.
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In addition to the creation of control points from the 23 cross sections, these sections were also
used to constrain regional faults. In this case, control points were created on opposite sides of faults
highlighting the displacement observed in the seismic surfaces.
3.1.4. Deﬁnition of boundary surfaces for each stratigraphic unit
In order to generate the 3D geological model, it is only necessary to develop a surface for the top of
each stratigraphic unit, as the base of each unit is represented by the top of the underlying unit (e.g.
Raiber et al., 2012). Once all the dummy  points were created, stratigraphic surfaces were developed
from the formation picks (where formation tops were intersected in wells) and the additional control
points derived from the cross-sections using GoCAD’s Discrete Smooth Interpolation (DSI) algorithm.
Prior to the interpolation, formation picks were speciﬁed as constraints to ensure that the surfaces
honour these picks.
3.1.5. Assembly of the 3D model
Once all the surfaces are generated, the creation of each stratigraphic unit included in the 3D
volumetric model commenced. Each model layer is constrained by its formation top surface and the
top of the underlying unit. Even though the main structures were constrained using seismic surfaces,
a more detailed structural fault-block modelling was not carried out during this study.
3.1.6. Assessment of faults offset and inﬂuence on hydraulic character of faults
Some cross sections were constructed intersecting faults nearly perpendicular to where the largest
fault displacement was observed in the seismic surfaces in each regional fault. From these cross
sections a comparison of aquifers/aquitards was  made on both sides of the faults, calculating the
percentage of permeable units interfacing either permeable or impermeable units on the opposite
side of the faults. This is a simple approach to assess the hydraulic character of faults.
4. Results and discussion
The 3D geological model of the Galilee Basin and the central part of the Eromanga Basin was
developed to assess the overall aquifer/aquitard geometry and the importance of structural features
within the study area. A series of 23 cross sections was  produced, and four of these (CS 04, CS 19, CS
20 and CS 23) are selected to highlight some key results of the model (Fig. 4), notably the thickness
of the various formations, and their stratigraphic and geometric relationships relative to each other,
particularly where they are adjacent to faults.
Cross Section 04 (Fig. 4a) shows the displacement of the Eromanga Basin units along the Hulton-
Rand Structure and the abutment of the Galilee Basin against the same structure. Cross Section 19
(Fig. 4b) shows a similar scenario to Cross Section 04 for the Tara Structure instead of the Hulton-Rand
Structure, but also highlights the displacement of the Eromanga Basin units through the Dariven Fault
and displacement along the Cork Fault. However, the displacement along the Cork Fault could not
be properly constrained as explained in Section 4.1.2. Cross Section 20 (Fig. 4c) shows an area where
regional faults are not identiﬁed but where the Galilee Basin was  continuous. Lastly, Cross Section 23
(Fig. 4d) shows an area, where the Galilee Basin is nearly absent and the Stormhill Fault and Westland
Structure are identiﬁed. Additionally two newly deﬁned faults (Thomson River and Lochern faults) are
identiﬁed, which are likely to play a relevant role on groundwater movement.
4.1. Major faulting in the Galilee and Eromanga basins
4.1.1. Timing of fault movement
Due to the sparseness of wells, the identiﬁcation of structures and their inﬂuence on geometric
relationships between the stratigraphic units is based primarily on the seismic surfaces. Although
structures can be easily recognised in these seismic surfaces (Fig. 5), it is difﬁcult to determine the
timing of movement for particular faults. However, through the assessment of vertical fault displace-
ment of different units within the stratigraphic sequence, the understanding on the timing of regional
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Fig. 4. Selected cross sections from GoCAD model showing the distribution of units and regional faults. (A) Cross Section 04
(SW-NE); (B) Cross Section 19 (NW-SE); (C) Cross Section 20 (NW-SE); (D) Cross Section 23 (W-E). Abbreviations: BCB, Betts
Creek Beds; ACM, Aramac Coal Measures; Fm,  Formation; Sst, Sandstone; Gp, Group; Md,  Mudstone. Vertical exaggeration 40×.
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Fig. 5. Faults identiﬁed on seismic surfaces relative to 3D geological model domain and Galilee Basin limit. Abbreviations:
DF,  Dariven Fault; MM,  Marathona Monocline; HRS, Hulton-Rand Structure; TS, Tara Structure; WLS, Westland Structure; SF,
Stormhill Fault; TRF, Thomson River Fault; LF, Lochern Fault.
fault movement can be reﬁned (Fig. 5). For example, multiple periods of fault movements were iden-
tiﬁed for some structures (e.g. Tara Structure). Regional fault systems, considered to be reactivated
basement faults, have also been identiﬁed in all seismic surfaces in different areas within the model
domain. In addition to the major regional fault systems, this study has also identiﬁed several local
faults. These, local faults were observed in only one or two  seismic surfaces and predated the Triassic.
Evans and Roberts (1979) studied many seismic sections within and near the model domain, iden-
tifying frequent reverse faulting during the Permian. Much of this previously described fault activity
occurred between the deposition of the Aramac Coal Measures (Early Permian) and the Betts Creek
Beds (Late Permian). This is suggested by faulting that can be observed in the Aramac Coal Measures
seismic surface but is not visible in the Betts Creek Beds seismic surface (Fig. 5).
The ﬁrst episode of tectonic activity in the area occurred prior to the deposition of the Galilee Basin
units, as suggested by the signiﬁcant uplift of the Maneroo Platform, controlled by the Hulton-Rand
and Tara Structures (Fig. 4a and b). Tectonic activity after the deposition of the Aramac Coal Measures
decreased signiﬁcantly, and many of the Early Permian faults appear to be absent in the Betts Creek
Beds. Furthermore, most of the faults identiﬁed in the Betts Creek Beds are not evident in the Cadna-
owie seismic surface (Fig. 5), with the exception of some regional faults (e.g. Hulton-Rand Structure,
Tara Structure, Dariven Fault and Maranthona Monocline), which are restricted to the northern part
of the model domain. Early Permian activity is unknown in the Maneroo Platform area as the Galilee
Basin sequences are absent there (Fig. 6).
Another period of tectonic activity occurred between the deposition of the Cadna-owie and Toole-
buc formations (both Early Cretaceous), as many faults observed in the Cadna-owie Formation are not
observed in the Toolebuc Formation (Fig. 5). In addition, most of the faults that impacted on these
Eromanga Basin units are restricted to the southern part of the model domainand Early Cretaceous
faulting was not observed where the Galilee Basin is present. The Corﬁeld Fault is recognised as the
only Early Cretaceous fault in the units of the Galilee and Eromanga basins within the model domain.
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Fig. 6. Three-dimensional geological model showing the extent and thickness of the geological units of the Galilee Basin upwards
to  the uppermost formation which underlies the Eromanga Basin (produced in GoCAD and viewed towards the west). The
elevated Maneroo Platform is shown in red. Vertical exaggeration is 40×.
A last episode of recognisable tectonic activity observed at regional fault systems occurred after the
deposition of the Toolebuc Formation. Many of the regional faults have been mapped at the surface by
the Geological Survey of Queensland (2012), indicating that an episode of tectonic activity occurred
after the deposition of the entire Eromanga Basin sedimentary succession.
4.1.2. Inﬂuence of regional structures on aquifer/aquitard geometry
The Tara Structure vertically displaces the Hutton Sandstone by 265 m (Fig. 4b), with a considerable
variation of thickness on the opposing sides of the fault (125 m on the eastern side and only 25 m on
the western side). A possible explanation for this is that the reactivation of the fault occurred during
the deposition of the Hutton Sandstone, causing erosion of the unit and restricting the sedimentary
supply on the western side of the fault, while the deposition may  have been continuous and unaffected
on the eastern side. The 3D geological model (Fig. 7) shows that the other lower units of the Eromanga
Basin (from the Birkhead to the Cadna-owie formations) are also thicker on the eastern side of the
fault than to the west. In these units, the differences in thicknesses vary from 10 to 50 m.  This could
also be caused by reactivation of this fault during the deposition of these units, indicating that the
Tara Structure was probably active during the Jurassic.
The Hulton-Rand Structure shows the largest vertical displacement of the basement (1350 m;
Fig. 4a) in the model domain. The Jochmus Formation is the only Galilee Basin unit present on both side
of this fault (Fig. 4a), although at a much smaller thickness in the southern part. The large difference
in thickness may  be due to erosion of the elevated block, leading to removal of parts of the Jochmus
Formation, and possibly also eroding the Aramac Coal Measures. This erosion may  be related to an
episode of uplift and non-deposition described by Evans (1980), and it likely predates the deposition
of the Betts Creek Beds.
The Hulton-Rand Structure (Fig. 4a) displaces the Hutton Sandstone by 340 m,  and both the Hooray
Sandstone and Cadna-owie Formation by approximately 330 m.  The thicknesses of these aquifers on
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Fig. 7. Three-dimensional geological model of the geological units of the Eromanga Basin from lowest formation (overlying the
Galilee Basin) upwards to the Cretaceous Allaru Mudstone (produced using GoCAD and viewing direction towards the west).
Vertical exaggeration is 40×.
both sides of this fault are relatively similar and they all abut against the basement in the direction
of groundwater ﬂow. The Aramac Coal Measures and Betts Creek Beds are both truncated against the
Hulton-Rand Structure. The features of the model in the upper part of the Hulton-Rand Structure are
not conﬁrmed as the fault is not clearly seen in the seismic surfaces (Cadna-owie and Toolebuc; Fig. 5),
although vertical displacement of the units in well log data are observed.
The Cork Fault has not been assessed in detail. Even though it is observed in Cross Section 19 (Fig. 4b),
it was not included within the 3D geological model domain because the activity and the displacement
associated with this fault (420 m;  Ransley and Smerdon, 2012) could not be constrained using seismic
surfaces, as the fault is outside the extent of these surfaces (Fig. 5). It was  only constrained using well
log data which are very limited in the Lovelle Depression and the conﬁdence is therefore limited.
The Dariven Fault and Maranthona Structure can also potentially play an important role in ground-
water movement as they are both regional faults. These faults are also orientated parallel to each other
(approximately 15–16 km apart), forming a local horst that was active until the Early Cretaceous. Even
though both faults are documented on surface geological maps, the Maranthona Monocline was  not
continuously recognised during this study on the Toolebuc seismic surface, suggesting that it may  not
extend to the surface. In contrast, it is present in the rest of the sequence from the basement to the
Cadna-owie Formation (Fig. 5), and it has inﬂuenced the geometry of all Jurassic aquifers of the GAB.
The Dariven Fault is recognisable on all seismic surfaces (Fig. 5), and it is also mapped at the surface,
and therefore of signiﬁcance to the entire stratigraphic sequence. The displacement along this fault is
larger in the lower seismic surfaces than in the upper surfaces, indicating different episodes of fault
movement. The largest displacements associated with these faults were observed where they inter-
sect Cross Section 07 (Fig. 2), with displacements of up to 120 m in the Dariven Fault and 160 m in the
Maranthona Structure recorded.
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In the Maneroo Platform area (Fig. 1), the Stormhill Fault and Westland Structure are the only
regional structures previously mapped but additional structures were identiﬁed in this study (Fig. 4d).
The maximum displacements of 300 m identiﬁed during the present study along these structures are
consistent with those deﬁned by Vine et al. (1965). However, the Stormhill Fault extends further than
suggested by previous surface geological mapping. Two additional regional faults have been identiﬁed
in this study, to the west of the Stormhill Fault. These two  faults are not visible at the surface as they
are covered by sediments deposited by the Thomson River (Fig. 2), but they are clearly visible on the
Cadna-owie seismic surface and are herein named the Thomson River Fault and Lochern Fault (Fig. 5).
The Thomson River Fault has a greater regional inﬂuence than the other faults near the Maneroo
Platform, as documented by vertical displacements up to 650 m on Cross Section 23 (Fig. 4d), while
the Lochern Fault shows displacements of up to 200 m.  The displacement observed along the Thomson
River Fault is consistent with the one observed by Ransley and Smerdon (2012) at the Stormhill Fault.
4.1.3. Local faults
Most local faults intersect a limited number of stratigraphic units and displacements are usually
smaller compared to regional faults. Local faults related to the period of seismic activity during the
Early Permian do not appear to affect any GAB aquifers. Considering this, their inﬂuence on hydraulic
connectivity between aquifers or aquitards, as well as on gas migration, is probably limited as they
only intersect the Aramac Coal Measures and not the Betts Creek Beds (Fig. 5). However, local faults
related to the period of seismic activity during the Early Cretaceous resulted in displacement of the
GAB aquifers. These structures could therefore be important as conduits or barriers to groundwater
ﬂow, but will not have any inﬂuence on gas migration as they are located in areas where the coal seam
bearing units are generally absent (with the exception of the Corﬁeld Fault). Movement in all the units
displaced by the Corﬁeld Fault is uniform (approximately 50 m),  as is the thickness of the stratigraphic
units on the opposite sides of the fault (Fig. 4d), indicating that the movement probably occurred
during a single displacement episode. Along the Corﬁeld Fault, aquifers are juxtaposed mostly against
aquitards on the opposing side of the fault. For example, the Clematis Group is juxtaposed against the
Moolayember Group and the lower Hutton Sandstone, whereas the upper Hutton Sandstone is largely
displaced against the Birkhead Formation (shown in Fig. 4c). The Hooray Sandstone and Cadna-owie
Formation are juxtaposed against the Wallumbilla Formation.
4.2. Potential hydraulic pathways in the Galilee and Eromanga basins
Faults can form important pathways for inter-aquifer, aquifer/aquitard connectivity or for ground-
water discharge to the surface, which can be marked by the presence of wetlands or springs. For
example, where aquifers are juxtaposed against low permeability strata on opposing sides of a fault,
this may  induce inter-aquifer connectivity or upwards discharge of groundwater to the surface. In
addition, geometric characteristics of aquifers/aquitards such as abutments against basement highs
can also have a signiﬁcant inﬂuence on aquifer/aquitard connectivity. In order to consider some of the
potential hydraulic pathways within the model domain, a conceptual hydrostratigraphic model was
developed based on the 3D geological model (Fig. 8), where several examples of potential connectivity
pathways are highlighted.
4.2.1. Aquifer compartmentalisation
Fig. 8 shows that there is likely to be a high level of aquifer compartmentalisation in the sense
of Mohamed and Worden (2006), who described compartmentalisation as the degree of subdivi-
sion within an aquifer which controls how different parts of an aquifer are connected. In this study
compartmentalisation is likely to inﬂuence groundwater ﬂow and the hydraulic connection between
aquifers/aquitards. In addition, it can also be an important control on potential groundwater ﬂow
paths both laterally and to the surface. Movement along all regional faults (e.g. Hulton-Rand and Tara
Structures, Stormhill, Lochern and Thomson River faults) in the hydrostratigraphic conceptual model
(Fig. 8) resulted in a very substantial vertical displacement of the aquifers (in blue), and potentially
causing a signiﬁcant compartmentalisation and disconnection of the aquifers on opposing sides of the
faults.
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Fig. 8. Three-dimensional conceptual model of potential hydraulic connectivity pathways in the Galilee/Eromanga basins, and
spatial relationship to Thomson River.
4.2.2. Juxtaposition of aquifers and aquitards
There are some indications that the Thomson River Fault may  act as a barrier to horizontal ground-
water ﬂow, but forms a conduit to vertical ﬂow to the surface. Fig. 8 shows that both the Hutton
Sandstone and the Hooray Sandstone (both major aquifers) are juxtaposed against aquitards along the
Thomson River and the Stormhill faults. More speciﬁcally, all aquifers (blue) are juxtaposed against
aquitards (brown) along the Thomson River Fault, with 71% of the entire aquifer thickness juxtaposed
against aquitards by the Stormhill Fault (Fig. 4d). Ransley and Smerdon (2012) previously suggested
that there are vertical displacements of up to 640 m associated with the Stormhill Fault and Westland
Structure (Fig. 8). In the present study, a similar vertical displacement (650 m)  is recorded for the
Thomson River Fault, which is located 25 km further to the west of the Stormhill Fault in an area that
lies immediately below the Thomson River sediments. Interestingly, Ransley and Smerdon (2012) also
suggested that the stream ﬂow volume increases in a downstream direction in the area where these
faults are located. Hydrograph data from the Stream Gauging Station Network of the Department of
Natural Resources and Mining (DNRM, 2014) conﬁrm that there is an increase of streamﬂow from
Longreach to Stonehenge (Figs. 1 and 8). At Longreach, a mean monthly streamﬂow of 3368 ML  was
recorded between 1969 and 2013, compared to a mean monthly streamﬂow (measured from 1963 to
2013) of 6547 ML  approximately 150 km downstream at Stonehenge (Figs. 1 and 8). There is only one
tributary that contributes ﬂow to the Thomson River between these two  gauging stations and where
streamﬂow data are available (Darr River, with a mean monthly stream ﬂow volume of only 136
ML,  measured from 1969 to 2013; Fig. 8). There are multiple other minor streams joining the Thom-
son River between Longreach and Stonehenge. However, no streamﬂow data have been recorded for
them and it is expected that their ﬂow volume is relatively small and closer to the one of the Darr
River than to the Thomson River based on their geomorphological characteristics. More than 3000
ML of monthly baseﬂow are added between Longreach and Stonehenge, and in the absence of any
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signiﬁcant tributaries, this appears to be at least in part related to upwards discharge along the fault.
As the fault line of the Thomson River Fault as well as the northern part of the fault line of the Stormhill
are orientated parallel to the course of the Thomson River (Fig. 8), groundwater may  be conducted to
the surface and discharge into the Thomson River.
Other possible contributors of this observed increase in stream ﬂow require further investigation.
For example, it is important to assess if groundwater discharges from the Thomson River alluvium
associated with elevated groundwater levels following ﬂood events. Due to the ungauged streams
joining the Thomson River and the lack of knowledge of the hydraulic link of the alluvial aquifer and
the river, a comprehensive water budget of the Thompson River catchment would help to quantify
the amount of groundwater that may  be vertically transmitted by the Thomson River Fault. Addition-
ally, monitoring of the water table in groundwater bores may  help to clarify the gaining or losing
character of the river near the fault zone in order to better constrain the hydraulic behaviour of the
fault.
In the Maranthona Monocline, the Clematis Group and Hutton Sandstone are juxtaposed against the
impermeable basement, and the Hooray Sandstone and Cadna-owie Formation are partly juxtaposed
against aquitards. As a result of the fault movement, the aquifers are juxtaposed along 76% of their
entire thickness against aquitards on the opposite (down-gradient) side of faults at the Maranthona
Monocline. Along the Dariven Fault, the Hutton Sandstone, the Hooray Sandstone and the Cadna-
owie Formation are partially juxtaposed against aquitards. For example, along the Dariven Fault, 71%
of the entire thickness of aquifers are displaced against impermeable units on opposite sides of the
fault. Hence, the Marathona Monocline and the Dariven Fault are more likely to behave as barriers to
horizontal groundwater ﬂow.
4.2.3. Aquifer–aquifer connectivity
Understanding the role of faults on hydraulic connectivity between aquifers is very important for
groundwater management. For example, where different aquifers are juxtaposed across a fault, this
fault displacement can result in preferential pathways for hydraulic connectivity between different
aquifers.
Within the study area, the entire Hutton Sandstone (approximately 90 m thick) and the Hooray
Sandstone interface due to vertical displacement along the Stormhill Fault (Fig. 8). A similar situ-
ation exists at the Lochern Fault, where all the main aquifers partially interface other aquifers on
the opposite side of the fault (with 50% of the entire aquifer thickness interfacing other aquifers on
the down-gradient side of the fault). This suggests that there are likely to be interactions between
different aquifers at the Lochern Fault and that these aquifers (i.e. the Hutton Sandstone/Adori
and Hooray sandstones, Adori Sandtone/Hooray Sandstone and Hooray Sandstone/Cadna-owie
Formation) may  form one connected groundwater ﬂow system. Another example where two
different aquifers may  be connected occurs across a fault occurs at the Tara Structure where
the Cadna-owie Formation aquifer interfaces the Hutton Sandstone aquifer (Fig. 8). In this case,
groundwater ﬂow may  be continuous from the Cadna-owie Formation into the Hutton Sand-
stone whereas it is likely to be impeded in the overlying aquifers (on the western side of the
fault).
Apart from the geometry and hydraulic properties of the aquifers, the nature of connectivity across
the fault also depends on the width and permeability/mineralogy of the fault zone. However, there
are no data available on the fault zone characteristics in the model domain as no exploration wells
intersect any faults.
4.2.4. Abutment of aquifers against basement barriers
Possibly the most signiﬁcant barrier to groundwater ﬂow in aquifers shown on Fig. 8 is the Maneroo
Platform (e.g. on the northern side of the Hulton-Rand Structure). The general groundwater ﬂow
direction is towards the west in this area, and the most important GAB aquifers are juxtaposed against
the basement (which is displaced by 740 m).  This relationship causes a potential barrier to groundwater
ﬂow due to the low permeability of the basement in the lower part of the Tara Structure, which is
likely to result in ﬂow to the surface or induce inter-aquifer connectivity. In this area, the Cadna-
owie Formation is the only Jurassic aquifer of the GAB that is not abutted against the basement (it is
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offset against the Hutton Sandstone and the lower Birkhead Formation). As a result, there could be
a local continuity of groundwater ﬂow across these signiﬁcant aquifers. However, as the Cadna-owie
Formation is the thinnest of the GAB aquifers that are utilised for groundwater extraction and its
thickness represents only 8% of composite thickness of all aquifers along the Tara structure (Fig. 4b),
the volume of ﬂow in the Cadna-owie Formation is probably relatively small in comparison to the other
aquifers. In this case, the Tara Structure could behave mostly as an impermeable barrier to horizontal
groundwater ﬂow throughout most of its extent. The Hulton-Rand Structure may  behave as a barrier
to groundwater ﬂow as well, as all aquifers about over their entire thickness against the impermeable
basement (Cross Section 4, Fig. 4a).
4.3. Implication for groundwater management and future work
In groundwater numerical models developed for groundwater management purposes, faults are
often not represented and the geometry of aquifers/aquitards is typically over-simpliﬁed or gen-
eralised, even though these are important factors and can potentially have a strong inﬂuence on
groundwater ﬂow and hydraulic connectivity between aquifers and between aquifers and aquitards.
This study highlights some possible controls of the major faults as potential connectivity pathways
between aquifers and aquitards or for groundwater ﬂow to the surface, and it also provides new
insights into the geometry of aquifer and aquitards in the Galilee and Eromanga basins. Because of
their signiﬁcance, faults should be considered in numerical models where sufﬁcient data and knowl-
edge exists. However, while mapping of faults and studying the inﬂuence of faults on aquifer/aquitard
geometry are very important, a dedicated observation network with nested bores sites is required
to conﬁrm whether faults form barriers or pathways for groundwater ﬂow. In addition, a detailed
assessment of fault zones and their properties is required to characterise the hydraulic properties of
the fault zone. Future work in the Galilee and Eromanga basins could, for example involve the applica-
tion of petrophysical techniques (e.g. determination of the shale-gouge ratio; Yielding et al., 1997) to
better understand the hydraulic properties of each fault and inform any future numerical modelling
projects.
4.4. Limitations
Three-dimensional geological models are usually developed using different data sources with often
inherent uncertainties, and several factors commonly contribute to possible inaccuracies of the 3D
geological models (e.g. Mann, 1993; Davis, 2002). Many authors (e.g. Mann, 1993; Bárdossy and Fanor,
2001; Davis, 2002; Tacher et al., 2006; Lelliot et al., 2009; Zhu and Zhuang, 2010; Raiber et al., 2012)
commonly identiﬁed four major sources of uncertainty: (1) data density, (2) data quality, (3) geological
complexity, and (4) geological interpretations and conceptual uncertainties.
Two zones of low conﬁdence have been identiﬁed in the current 3D geological model. One is located
near the northern corner of the model domain (Fig. 9a), where only limited well control exists (Fig. 2).
Here, the low reliability of the Aramac Coal Measures seismic surface is demonstrated by discrepan-
cies of the well log data and the seismic surface. This seismic surface only partially covers this area,
and where it can be found, it partially intersects the Basement seismic surface (Fig. 9b). The Aramac
Coal Measures is considered to be less reliable than the Basement surface, which, however, is also
constrained by only two wells in this area (Cairnhope 1 and Wairoa 1, approximately 98 km apart). In
addition, palynological assessment of the sedimentary sequences in these wells failed to identify the
Aramac Coal Measures, suggesting that it is absent (Nugent et al., 1989). The low reliability of layers
in this area relates only to the Galilee Basin, as the seismic surfaces of the Eromanga Basin appear to
be of better quality (the Cadna-owie and Toolebuc seismic surfaces match the formation tops in both
wells).
The second area of low conﬁdence is located in the eastern part of the model domain (Fig. 9c),
where seismic surfaces of the entire sequence are of questionable quality. For example, the position
of the top of the Galilee Basin is uncertain here because the Aramac Coal Measures and Betts Creek
Beds seismic surfaces have a steep dip, and almost reach the ground surface (Fig. 9d). However, there
are no indications from surface geological mapping that these formations crop out in this area. In
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Fig. 9. Areas of low reliability. (a) Plan view of the northern low reliability area, where the ACM is questionable; (b) zoom
of  A showing where the ACM seismic surface (blue) is below the basement surface (orange); (c) plan view of the eastern low
reliability area where the lower units of the Eromanga Basin crop out and (d) oblique view of C showing the questionable change
of  dip that is not conﬁrmed by well logs.
addition, stratigraphic logs of four wells in the area (Carolina 1, Carmichael 1, Fleetwood 1 and Lake
Galilee 1) also conﬁrm that the tops of the Aramac Coal Measures and Betts Creek Beds are likely to
be much deeper than inferred from the seismic surface. In this area, the data quality issues are also
evident within the Eromanga Basin, where the seismic surfaces indicate that the lower sequence crops
out in this area, whereas the surface geology indicates the occurrence of Cenozoic and Quaternary
sediments at the surface in these locations. These younger unconsolidated sediments are not included
in the geological model due to their overall relatively small thickness in comparison to the total basin
sequence; however, they also mask the actual position where Eromanga Basin formations are close to
surface.
5. Conclusions
Understanding the hydraulic relationships between coal-bearing units, aquifers and aquitards, and
assessing if geological structures induce connectivity as barriers or conduits to groundwater ﬂow, is an
important component of the hydrogeological characterisation of sedimentary basins subjected to coal
seam gas/coal bed methane exploration. In this present study, we  have developed a three-dimensional
(3D) geological model of the coal-bearing Galilee Basin and the overlying Eromanga Basin in central
Queensland, Australia, based primarily on well log data and seismic surfaces, and with an emphasis
on seven key hydrostratigraphic units with particular relevance as either coal seam gas exploration
targets or groundwater resources. The 3D geological model developed in this study was  used to assess
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the characteristics of these major hydrostratigraphic units, including their geometry, distribution and
thickness, as well as their relationships to major geological structures.
Local-scale faults recorded only one stage of vertical displacement in all stratigraphic units where
their presence was observed. In contrast, four different stages of fault movement were recorded for
regional faults, marked by variable displacements of different aquifers/aquitards with a maximum
vertical throw of 650 m.
In addition to previously known faults, several new faults were identiﬁed during the 3D geolog-
ical model development, including the Thomson River and Lochern faults (both herein named). The
assessment of aquifer geometry at regional fault systems suggests that horizontal groundwater ﬂow
is likely to be impeded by the Hulton-Rand and Tara structures, as the major aquifer systems on the
up-gradient side of these structures abut against the impermeable basement on the down-gradient
side. The Thomson River Fault is also likely to have a signiﬁcant inﬂuence on groundwater ﬂow, as all
aquifers are juxtaposed against impermeable strata on the opposite (down-gradient) side of the fault.
The Stormhill and Dariven Faults and the Maranthona Monocline may  have a more variable hydraulic
role, and may  behave either as barriers or partial conduits to horizontal groundwater ﬂow; however,
they are more likely to behave as barriers, as aquifers are displaced against aquitards over about
70–80% of their entire thickness. In addition, the relationships between generally ﬂat-lying strata and
near vertical faults observed in this study suggest that aquifer compartmentalisation induced by major
faults is likely to occur in these basins.
An upwards or lateral migration of groundwater may  be expected where faults behave as horizontal
impermeable barriers. However, within the model domain, evidence of upwards discharge of ground-
water appears to be only evident near the Thomson River Fault, where stream gauging data suggests
that there may  be upward leakage. However, more data and monitoring are required to independently
conﬁrm fault control of this possible vertical leakage.
In order to assess if actual hydraulic connectivity occurs along the geological structures, additional
work on the mineralogical characterisation of the fault zones and installation of a dedicated ground-
water monitoring network are required. The 3D geological model developed in this study can be used
to guide groundwater managers on the best placement for observation bores and to allow further
reﬁning and testing of the understanding of fault control on aquifer/aquitard connectivity in the cen-
tral Galilee and Eromanga basins. In addition, other techniques such as petrophysical techniques (e.g.
the shale-gouge ratio method) can be applied in order to assess the hydraulic characteristics of the
regional fault systems in the Galilee and Eromanga basins.
The regional management of groundwater resources and prediction of potential impacts of coal
seam gas development relies on an accurate characterisation of aquifers and aquitards and their spa-
tial relationships. The 3D geological/hydrogeological model developed in this study suggests that
within the Galilee and Eromanga basins, faults are likely to play a key role as hydraulic connectiv-
ity pathways between aquifers and aquifers or between aquifers and aquitards. To account for this,
faults together with an accurate representation of aquifer/aquitard geometry should be presented in
numerical models where sufﬁcient data and knowledge exists.
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